Due to an increase in bovine tuberculosis in cattle in the United Kingdom, we investigated the characteristics of Mycobacterium bovis infection in humans and assessed whether extensive transmission of M. bovis between humans has occurred. A cross-sectional study linking demographic, clinical, and DNA fingerprinting (using 15-locus mycobacterial interspersed repetitive-unit-variable-number tandem-repeat [MIRU-VNTR] typing) data on cases reported between 2005 and 2008 was undertaken. A total of 129 cases of M. bovis infection in humans were reported over the period, with a decrease in annual incidence from 0.065 to 0.047 cases per 100,000 persons. Most patients were born pre-1960, before widespread pasteurization was introduced (73%), were of white ethnicity (83%), and were born in the United Kingdom (76%). A total of 102 patients (79%) had MIRU-VNTR typing data. A total of 31 of 69 complete MIRU-VNTR profiles formed eight distinct clusters. The overall clustering proportion determined using the n ؊ 1 method was 33%. The largest cluster, comprising 12 cases, was indistinguishable from a previously reported West Midlands outbreak strain cluster and included those cases. This cluster was heterogeneous, having characteristics supporting recent zoonotic and humanto-human transmission as well as reactivation of latent disease. Seven other, smaller clusters identified had demographics supporting recrudescence rather than recent infection. A total of 33 patients had incomplete MIRU-VNTR profiles, of which 11 may have yielded 2 to 6 further small clusters if typed to completion. The incidence of M. bovis in humans in the United Kingdom remains low, and the epidemiology is predominantly that of reactivated disease.
The incidence of bovine tuberculosis (TB) increased during the 1990s (4), particularly affecting southwest England and Wales (5) . Despite concerns about the risk to human health, no increase in Mycobacterium bovis infection in humans was observed between 1993 and 2003 (14) . A recent report of zoonosis in the United Kingdom, however, concluded that 18 of 35 strains isolated from humans had genotypes associated with cattle in the United Kingdom and that this was suggestive of domestic acquisition of disease (13) .
The main mode of transmission of M. bovis to humans is believed to be from cattle via consumption of unpasteurized dairy products (9) . Less frequently, aerosol inhalation following close contact with infectious cattle, e.g., on farms or in abattoirs (9) , and from other animals, including household pets, has been described (24) . Person-to-person transmission of M. bovis, although infrequent (9) , has been reported worldwide (7, 21, 23) . In the United Kingdom, there have now been two such clusters, one with intrafamilial spread in Gloucester (26) and a larger outbreak consisting of six persons in the West Midlands (8) . Nonetheless, M. bovis infection in humans is still comparatively rare and represented only 0.5% (24/ 5,014) of culture-confirmed tuberculosis cases in the United Kingdom in 2007 (11) . Although M. bovis infection is not generally considered a human public health threat in the United Kingdom, recent evidence of possible shared strain types between human and cattle M. bovis isolates (13) , clusters involving human-to-human transmission (8, 26) , the possible transmission of M. bovis from a pet to its owner (17, 24) , and an observed increase in M. bovis infection in nonbovine species (15) warrant further molecular and epidemiological analysis of M. bovis infection in humans in the United Kingdom.
Mycobacterial interspersed repetitive-unit-variable-number tandem-repeat (MIRU-VNTR) typing can be used to successfully distinguish between M. bovis isolates, and when appropriate loci are selected, this approach may have a discriminatory power comparable to that of other genotyping methods (1, 12, 22, 25) . This method can therefore be used to confirm conventional epidemiological links, trace transmission routes, and identify sources of infection. We describe the characteristics of M. bovis infection in humans reported in the United Kingdom from 2005 to 2008, inclusive, and investigate whether extensive human-to-human transmission of M. bovis has occurred.
MATERIALS AND METHODS

Characteristics of M. bovis infection in humans in the United
Kingdom. The study population comprised humans infected with M. bovis as reported through the United Kingdom Mycobacterial Surveillance Network (MycobNet) between 2005 and 2008. A case was defined as an instance of an individual who was culture positive for M. bovis. Epidemiological data on sex, age at diagnosis, ethnicity, country of birth, and region of residence, clinical data on smear positivity and site of disease, and exposure data on contact with a human tuberculosis patient, contact with cattle and wild animals, occupational exposure to infected animals, travel abroad, and consumption of unpasteurized dairy products were obtained from the Health Protection Agency (HPA) enhanced M. bovis surveillance database. Where epidemiological data on cases were incomplete, the Health Protection Unit (HPU) was contacted to complete missing fields. Descriptive statistics on demographic and clinical characteristics of all cases were calculated.
Investigation of transmission of M. bovis in humans in the United Kingdom.
To specifically investigate epidemiological evidence of transmission in the United Kingdom, patients born abroad and patients born before widespread pasteurization, i.e., before 1960, were excluded from further analysis. The remaining patients (subset A) from the original study population were more likely to have primary disease acquired in the United Kingdom. Figure 1 illustrates the flow of data for epidemiological and molecular analyses of the subsets of interest.
M. bovis cultures were identified using the GenoType MTBC test (Hain Lifescience, Nehren, Germany). This PCR/reverse-hybridization assay differentiates members of the Mycobacterium tuberculosis complex on the basis of specific single-nucleotide polymorphisms within gyrB and the presence or absence of RD1 (20) . Strain-typing data on all cases were analyzed for evidence of clustering. The HPA (United Kingdom) employs MIRU-VNTR markers, typing 15 loci, including 10 MIRUs (MIRUs 2, 10, 16, 20, 23, 24, 26, 27, 39 , and 40) and five exact tandem repeats (ETR; A to E) (10). A cluster was defined as two or more isolates that were indistinguishable by MIRU-VNTR typing. Strain typing data from Northern Ireland and for 15 isolates from English regions were not available.
MIRU-VNTR results were entered into BioNumerics version 5 (Applied Maths, St-Martin-Latem, Belgium). The DNA fingerprinting results were analyzed using the categorical coefficient which assumes no ordered relationship between MIRU-VNTR loci. The proportion of clustered cases was calculated using the n Ϫ 1 method (18) . We compared unique (subset B) and clustered (subset C) cases with complete MIRU-VNTR profiles in a minimum data set of demographic and clinical characteristics. Clustered isolates (subsets C1 and C2) were considered for further risk factor investigation. The data were analyzed using Microsoft Excel 2003 and SAS 9.2. The chi-square or Fisher exact test was used to compare proportions. There was no age difference by gender, but 72 (56%) of the 129 patients were over 65 years old. The majority of patients were resident in the West Midlands (18 patients), London (15 patients), the South West (14 patients), the South East (11 patients), and Scotland (13 patients) at the time of diagnosis. The high number in the West Midlands was expected since a cluster has been described to occur there (8) . Of the 91 patients where information on country of birth was available, 69 (76%) were born in the United Kingdom. Patients born in the United Kingdom predominated in every region except London. Of the 22 patients not born in the United Kingdom, 4 were born in European countries, 16 originated from developing countries with high TB endemicity and without established M. bovis eradication programs, and country of birth was unknown for 2.
RESULTS
Characteristics
Ethnicity was known for 94 patients, and of these, 78 (83%) were white. White ethnicity predominated in all regions except London and was most common among patients born in the United Kingdom (63 patients; 97%) and patients over 65 years old (55 patients; 98%). The over-65 age group was predominant in all regions except London, Northern Ireland, and the East and West Midlands. Among the 104 cases where the disease site could be identified, the most common clinical site of M. bovis disease was pulmonary (42%), followed by pleural (13%) and lymph node (13%) sites.
Transmission of M. bovis in humans in the United Kingdom and associated factors. (i) Patients born in the United Kingdom after widespread pasteurization. There were nine patients born in the United Kingdom after 1960 (when pasteurization became widespread), which may represent recent transmission. The "epidemiology" branch of the flow chart in Fig. 1 illustrates how these nine cases (subset A) were derived from our original study population of 129 cases. This subset was more likely to have primary infection acquired recently from animals or humans. The patients in subset A originated from 5 of the 12 regions in the United Kingdom (West Midlands, East Midlands, South East, South West, and Northern Ireland) and were all adults aged 19 to 49 years. Five had known travel abroad, but none of the patients had known contact with wild animals. Four of the nine patients in subset A were from the West Midlands and had strain typing identical to that of the West Midlands outbreak strain cluster (8) . There were insufficient data to describe risk factors for these four cases. Of the five patients in subset A that did not have the West Midlands outbreak strain, two had no MIRU-VNTR data and the remaining three patients had unique strains. Only one had a history of immunosuppression, and the remaining four reported occupational contact with both livestock and nonlivestock animals, including one patient who reported contact with both tuberculin test (TT)-positive cattle and a TB- (ii) Evidence of clustering from strain typing. MIRU-VNTR analysis of 102 completely and incompletely typed isolates identified 10 possible clusters (Fig. 2) . Sixty-nine (68%) of 102 cases had complete MIRU-VNTR profiles, of which 38 were unique (subset B) and 31 were indistinguishable from at least one other isolate (subset C). Subset C comprised eight distinct clusters, with cluster sizes ranging from 2 to 12 cases. The overall proportion of clustering among completely typed isolates (as determined using the n Ϫ 1 method) was 33% (23/69 cases). Of the 33 cases with incomplete strain typing, 11 had the potential to cluster if typed to completion (subset D). With full strain types, these 11 cases may have yielded two to six additional pairs of clusters by clustering with other complete or incomplete unique strains or expanded existing clusters formed from complete strain types. The "molecular" branch of the flow chart in Fig. 1 demonstrates how the 11 completely typed clusters (subsets C1 and C2) and the potential clusters from partial strain types (subset D) were derived from the original study population. The dendrogram in Fig. 2 illustrates the clusters from completely typed MIRU-VNTRs. Since the outputs of potential clustering were hypothetical and could not be confirmed, the 11 partially typed cases were not included in the analysis of characteristics of clustered cases.
The known characteristics of the 38 unique (subset B) patients and the 31 clustered (subset C) patients with complete MIRU-VNTR typing results are shown in Table 1 . Compared to unique patients, a significantly higher proportion of clustered patients were white (92% versus 68%; P Ͻ 0.05) and were born in the United Kingdom (100% versus 53.6%; P Ͻ 0.05). Clustered patients were also more likely than unique patients to live outside London (97% versus 83%), have pulmonary disease alone (56% versus 39%), and be smear positive with pulmonary disease (100% versus 82%).
The possible risk factors for M. bovis among these 31 clustered patients (subsets C1 and C2) are shown in Table 2 . Of these 31 patients, 15 patients reported possible risk factors such as consumption of unpasteurized milk (11 patients), occupational contact with livestock (5 patients), occupational contact with nonlivestock animals (2 patients), and close contact with a TB-afflicted human (2 patients). One patient reported contact with a TT-positive herd, and another had a history of TB. For seven patients, multiple risk factors were reported.
The largest cluster of 12 patients (subset C1) shared the same MIRU-VNTR profile (ETR strain type, 75553; MIRU strain type, 2222415322) as the strain identified in the West Midlands outbreak caused by human-to-human transmission (8) . Eight patients (five of whom were described in the original outbreak report) were from the West Midlands, but three were from the South West, and one patient was from Wales. Five patients were diagnosed after 2006. Seven patients were born after 1960 and also lived in the West Midlands. Only one of these seven patients had known risk factors, which were a history of consumption of raw dairy products and occupational contact with wild animals and livestock. Among the five patients born pre-1960, three had a documented exposure to livestock or consumption of unpasteurized milk, and four lived in the South West or Wales.
DISCUSSION
This 4-year review of human M. bovis disease in the United Kingdom suggests overall decreases in the number and incidence of cases, which is consistent with other studies (4, 14) . Over half of all M. bovis patients were over 65 years old, and over three-quarters were born in the United Kingdom, white, and living outside London. It is not unexpected that the older age group was affected, as it is well established that most M. bovis infection in the United Kingdom was acquired in the pre-pasteurization era and manifests now as reactivations (4, 9, 14) . The site of disease was mainly pulmonary. For M. tuberculosis cases, this would usually imply infectivity and primary infection (16, 19) ; however, this is not necessarily the case for M. bovis disease. There was limited evidence of human-tohuman transmission. The geographical distribution of M. bovis cases in more-rural areas is consistent with zoonotic transmission. It is noteworthy that there was an excess of cases in the West Midlands and the bordering region of South West England, demonstrating geographical overlap with the distribution of bovine tuberculosis. However, the higher incidence in the West Midlands is, at least in part, due to a recent outbreak (8) . The majority of patients in London were born abroad, of a younger (15-to 44-year-old) age group, and not white. This probably reflects acquisition of disease abroad. The age profile of patients in the West Midlands also indicates a younger group, but here, the reported cluster of human-to-human transmission could account for the spill over into younger age groups (8) . The cohort of patients known to be born in the United Kingdom and after 1960 consisted of only nine people, including four individuals with molecular links with the West Midlands outbreak strain cluster associated with human-tohuman transmission. Four other patients not linked to a cluster were from rural regions and reported occupational or farm contact with animals, and for two patients, the animals were known to have infectious TB. For these four patients, recent animal-to-human transmission may have occurred. We were unable to investigate epidemiological evidence of transmission of M. bovis between humans and companion animals (24) . Further work in this area is recommended, including the investigation of appropriate MIRU-VNTR loci that would be sufficiently discriminating to allow the assessment of zoonotic transmission. While the 24-locus MIRU-VNTR typing scheme has been proposed as the standard for M. tuberculosis typing (27) , further research on the role of VNTR genotyping for M. bovis is needed. Several studies have confirmed the superiority of the 24-locus scheme over the 15-locus VNTR typing scheme for M. tuberculosis (2, 3), limiting the discriminatory power of this study. However, data from the previously published cluster in the West Midlands suggest that the 15-locus VNTR typing used in this study provides a high degree of discrimination (8) . Others have suggested alternatives (1, 12, 22, 25) . Nevertheless, the small number of patients (five) among those born in the United Kingdom, where consumption of nonpasteurized milk was unlikely, who were not part of the group infected by the West Midlands outbreak strain suggests that transmission from pets is not a major public health issue.
Analysis of clusters. The strain type analysis revealed evidence of clustering beyond the well-recognized West Midlands outbreak strain cluster, with 31 (subset C) of 69 (45%) com- Dendrogram based on MIRU-VNTR results, constructed using the categorical coefficient and displayed using the unweighted-pair group method using average linkages (UPGMA). Dashes indicate nonamplification at a particular locus. The West Midlands outbreak strain cluster (subset C1) and seven discrete clusters of complete MIRU-VNTRs (subset C2) are highlighted. Eleven partial MIRU-VNTRs with the potential to cluster are also indicated ‫;)ء(‬ with a full strain type, these may yield a further 2 to 6 clusters or augment existing clusters. (9) Unknown (1) F (5) 30-39 (3) Pulmonary (9) Unknown (6) Consumption of unpasteurized milk (3), work contact with cattle (3) Wales (1) 2007 ( West Midlands (8) 2008 (2) 50-59 (1) Unknown (1) Lived on a farm (1) 60-69 (3) Unknown (7) 80-89 (1) C2a (n (1) Unknown (1) Worked in milk production (1) North East (1) 80-89 (1) Unknown (1) Consumption of unpasteurized milk (3), lived on a farm (1) Scotland (1) Contact with TB-afflicted human (1) South West (1) Unknown (1) C2b (n (1) Not done (1) Unknown (1) Wales (1) C2c (n (1) London (1) 655432222415322 2006 (1) Unknown (3) F (1) 50-59 (1) Cutaneous (1) Unknown (3) Unknown (3) Worked on farm with no direct animal contact (1) Scotland (1) 2008 (1) 60-69 (2) Renal (1) Unknown (3) South West (2) Unknown (1) C2d (n (1) 60-69 (1) Meningitis (1) Unknown (2) Unknown (1) Worked on a farm with livestock (1), unknown (1) East of England (1) 80-89 (1) Unknown (1) Unknown (1) C2e (n (2) Positive (2) 2 1 Unknown (2) Scotland (1) 755432222425322 2006 (1) Unknown (1) F (1) 70-79 (1) Unknown (1) South East (1) C2f (n (1) Negative (1) 2 2 Unknown (2) East of England (1) 755432222426322 F (1) Pulmonary (1) Unknown (1) Yorkshire & Humber (1) C2g (n (Table 2 ). This gave a clustering proportion of 33% (as determined using the n Ϫ 1 method). All clusters were small, comprising two to four cases, with the exception of the West Midlands outbreak strain cluster. However, this may be a conservative estimate of clusters and cluster size, as 33 patients had incomplete DNA fingerprinting due to nonamplification at particular MIRU-VNTR loci. Eleven of these incompletely typed cases (subset D) exhibited the potential to cluster if isolates were retyped to completion, and might yield further clusters and/or increase the sizes of existing clusters, as illustrated in Fig. 1 and 2 . Equally, the number of clusters may be reduced by increasing the number of MIRU-VNTR markers used for analysis or by using further analytical techniques, as has been demonstrated for discriminative analysis of M. tuberculosis (27, 28) . Pulmonary disease was more common among clustered cases than among unique cases. We have hypothesized that this may reflect recent transmission among clustered cases due to the greater likelihood of transmission when patients have pulmonary disease (19) . Although it is widely accepted that evidence of clustering in patients with M. tuberculosis suggests recent human-to-human spread, the clusters identified here may not be homogenous in that respect and actually fall into two subsets, the "West Midlands outbreak strain" cluster (subset C1) and "other" clusters (subset C2). Each has unique features, and differing hypotheses on the predominant mode of transmission can be inferred. They are therefore considered separately below.
"Other" clusters (subset C2). Although cases in the "other" clusters could be attributable to recent animal-to-human or person-to-person transmission, the predominance of older age, white ethnicity, and rural residence in these small clusters, along with the absence of any obvious epidemiological links, provides an alternative hypothesis: the clusters could also be explained by reactivation of latent infection acquired via multiple yet independent episodes of zoonotic transmission of an endemic strain.
West Midlands outbreak strain cluster (subset C1). The strain typing analysis revealed further occurrence of the West Midlands outbreak strain type originally reported as six cases between 2004 and 2006 by Evans et al. (8) . We found 12 identical isolates, of which 7 were newly identified through our analysis.
The geographical and age profiles of this cluster changed with the addition of the new cases. Whereas Evans et al. reported that their six patients were resident in the West Midlands region and were all born after 1960, the seven patients newly identified in our study included four who were born pre-1960 and lived in regions contiguous with the West Midlands (Wales and the South West). Three of these four new patients resident outside the West Midlands also had documented occupational exposure to animals and/or had consumed unpasteurized dairy products. Thus, these new cases may have arisen following recrudescence of latent infection, possibly acquired through multiple but independent zoonotic transmission routes of a strain endemic to those regions, as hypothesized for subset C2. In contrast, three of the seven newly identified patients, of whom two were born after 1960, lived in the West Midlands. One of these had exposure to tuberculin-positive cattle. The spoligotype pattern (SB0263) of the West Midlands human outbreak strain is the second most common spoligotype pattern for isolates from cattle in Great Britain, the most prevalent pattern for cattle in the West Midlands, and almost uniquely detected in Britain (8) . This supports the assertion that indigenous British cattle were the primary source of infection. Human-to-human transmission likely contributed to the subsequent outbreak. Indeed, the original investigation of six clustered cases described a plausible mechanism of spread through social networks with associated predisposing factors for tuberculosis (8) .
Limitations of study. The main limitation of this study was the incompleteness of the data set for some variables, including risk factors for transmission. In addition, underascertainment of cases due to difficulties in obtaining specimens and achieving culture confirmation may have occurred. The small number of cases is also susceptible to bias and random variation. This makes any assessment of trends over time difficult. The original West Midlands outbreak strain cases were subjected to a more extensive epidemiological investigation locally than the other cases, for which surveillance data were the only source of information. The n Ϫ 1 method of calculating the number of clustered cases is based on the assumptions that one case per cluster was due to reactivation and that this "index" infectious case generated other cases in the cluster either by direct infection or by indirect infection via a secondary case (18) . Thus, this method yields a more conservative estimate of the proportion of clustered cases, likely due to primary disease and hence recent transmission, than the n method (18) . Conversely, the proportion of clustered events may be artificially elevated by the n Ϫ 1 method if clustering is a function of multiple instances of zoonotic transmission of an endemic strain rather than human-to-human spread. Additionally, consensus on which MIRU-VNTR loci are the most discriminative in establishing animal to animal and human-to-human transmission has yet to be reached. Data on global endemic animal strains and ecotypes were not available for comparison with human strain data, and so zoonotic transmission hypotheses could not be investigated further.
Implications and future research. This study demonstrates that our knowledge of M. bovis transmission in the United Kingdom has been improved by better surveillance and wider use of more-discriminating molecular techniques. The number and incidence of patients diagnosed with M. bovis infection in the United Kingdom have decreased overall between 2005 and 2008. The predominant characteristics of patients (elderly, born in the United Kingdom, and white) suggest reactivation of latent infection. Despite a number of small clusters, there is little evidence of widespread recent human-to-human transmission of M. bovis. Currently, there is no evidence that the number of M. bovis infections from food animals or pets to humans has increased. To more thoroughly investigate risk factors, data should be consistently collected in order for sufficiently powered analytic epidemiological studies to be performed.
M. bovis infection in humans is extremely rare compared to M. tuberculosis infection in humans and does not pose a significant public health problem (4). Nevertheless, it would seem sensible to maintain vigilance since public demand for unpasteurized products persists and the incidence of TB in cattle continues to rise (5 (6) . Although the risk of human-to-human transmission is low, it remains prudent for enhanced surveillance of M. bovis to continue to ensure prompt detection of transmission, such as that of the West Midlands outbreak strain. Further collaborative research between the Veterinary Laboratories Agency, HPA, Public Health Wales, and Health Protection Scotland is required for comparative analysis of human and animal M. bovis strains, including that of evolutionary relatedness and epidemiological linkage of human and animal cases in the United Kingdom.
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